The human brain stands out among mammals by being unusually large. The expensive-tissue hypothesis 1 explains its evolution by proposing a trade-off between the size of the brain and that of the digestive tract, which is smaller than expected for a primate of our body size. Although this hypothesis is widely accepted, empirical support so far has been equivocal. Here we test it in a sample of 100 mammalian species, including 23 primates, by analysing brain size and organ mass data. We found that, controlling for fat-free body mass, brain size is not negatively correlated with the mass of the digestive tract or any other expensive organ, thus refuting the expensive-tissue hypothesis. Nonetheless, consistent with the existence of energy trade-offs with brain size, we find that the size of brains and adipose depots are negatively correlated in mammals, indicating that encephalization and fat storage are compensatory strategies to buffer against starvation. However, these two strategies can be combined if fat storage does not unduly hamper locomotor efficiency. We propose that human encephalization was made possible by a combination of stabilization of energy inputs and a redirection of energy from locomotion, growth and reproduction.
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Brains are energetically expensive 2 . The human brain is about three times larger than that of our closest living relative, the chimpanzee, and thus requires much more energy. However, relative whole-body energy consumption rates of individuals at rest are about equal in the two species 3 , which raises the question of how humans manage to cover the energetic requirements of their much enlarged brains. One of the best-known attempts to solve this central riddle of human evolution is the expensive-tissue hypothesis, proposed by Aiello and Wheeler in 1995 1 . It postulates an evolutionary trade-off (although obviously not an immediate physiological one) between the size of the brain and that of the digestive tract in anthropoid primates. Thus, if other processes have reduced a species' energetic needs of digestion, it should be able to evolve a relatively larger brain. It has therefore been suggested that early hominins evolved larger brains as a dietary shift towards more meat 1 , cooked food and underground tubers 4 gradually allowed for a smaller digestive tract. The proposed trade-off would gain plausibility as a general principle if it were confirmed in other mammals. As stressed by Aiello et al.
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, empirical support for a negative correlation across anthropoid primate species was weak from the beginning (see Supplementary Information, section 1 for a re-analysis), and subsequent comparative studies in other taxa remained ambiguous, with positive support in fish 6 , but not in bats or birds 7, 8 . Yet, this highly intuitive idea has found broad acceptance in palaeoanthropology 9 and many other fields [10] [11] [12] , and is fuelling public discussions about the optimal human diet. Thus, a proper empirical test of the expensive-tissue hypothesis across a broad array of taxa is urgently needed, but has not been conducted-until now-owing to a lack of morphological data, nor has there been an examination of the broader trade-offs among other expensive organs predicted by an extension of this hypothesis 7 .
Here we examine the presence of correlated evolution between the size of various visceral organs (heart, lungs, stomach, intestines, kidneys, spleen and liver) and that of the brain in a new sample of 100 mammalian species, including 23 primate species (see Supplementary Data). In this analysis, it is crucial to control for body size, but the usual measure taken for this, body mass, is highly affected by variation in the size of adipose depots. This variation may confound or even reverse the direction of correlations among organs ( Supplementary Fig. 2 and Supplementary Table 4b ). Here, we therefore used fat-free body mass as the best proxy for body size.
Contrary to the predictions of the expensive-tissue hypothesis, we found no negative correlations between the relative size of the brain and the digestive tract, other expensive organs or their combined sum among mammals or within non-human primates, controlling for fatfree body mass, even though statistical power was sufficient to detect these negative correlations if they existed (see Table 1 ). We also did not find any trade-offs among other expensive organs ( Fig. 1) . These results therefore refute the expensive-tissue hypothesis as a general principle to explain the interspecific variation of relative brain size in mammals. In our view, this finding reduces the plausibility of the argument that human encephalization was made possible by a reduction of the digestive tract 1, 5 . Energy trade-offs with other tissues that are less expensive but very abundant 7 may nonetheless explain part of brain size variation. For instance, adipose depots make up an appreciable proportion of body mass in some mammals 13 . Although not metabolically expensive, adipose tissue has an energetic cost because it has to be carried around and may increase predation-induced mortality (see Supplementary Information 3.7). Fat stores enable animals to cope with periods of reduced food intake and thus act as a physiological buffer against starvation. On the other hand, relatively large brains have also been proposed to act as cognitive buffers against starvation 14, 15 . It is therefore possible that encephalization and fat storage are complementary strategies to buffer against starvation. In our sample of mammals, there is indeed a negative correlation between brain size and the size of fat stores, controlling for fat-free body mass (Table 1 and Supplementary Information 3.1), with the exception of primates (but see Supplementary Information 3.6). This negative relationship becomes stronger if potential error variation is removed, for instance by analysing only wild-caught females ( and birds. The only animals that can easily combine both strategies of fat storage and brain enlargement may be those that do not face an increased cost of transport for increased whole body mass, for example, aquatic mammals or large bipeds 16 . However, more detailed studies of seasonal variation in body mass are needed to investigate which conditions or lifestyles favour one or the other, or a combination of both strategies.
Refuting the expensive-tissue hypothesis raises questions about the determinants of the evolution of the greatly enlarged human brain. Although there are various cognitive benefits to increased brain size 17 , empirical evidence shows that a focus on the energy costs of growing and maintaining brain tissue helps to explain the interspecific variation in brain size 18 . This approach has recently been synthesized in a general energy-based framework 19 , which incorporates earlier ideas on energetic aspects of brain size evolution 1, 5, 18 . Figure 3 depicts the two possible pathways enabling increased encephalization from a given ancestral state: additional or stabilized energy inputs, and redirection of energy from other functions. Here we apply this framework to develop hypotheses for the remarkable increase of brain size during the evolution of the genus Homo.
Larger brains are sometimes paid for by a permanent increase in net energy intake of an organism, as indexed by its basal metabolic rate (BMR); this is shown by the positive correlation between BMR and brain size in a large sample of placental 20 and marsupial mammals 21 . This was confirmed in the present data set, in which we could control for fat-free body mass (N 5 64, PGLS, brain size as response, fat-free body mass and body mass associated with BMR measurements as covariates, effect of BMR: l 5 0.96, P 5 0.026, b 5 0.24). We humans exhibit the BMR expected for a mammal or primate of our body mass, but because we have much larger adipose depots (about 14-26% in healthy adults 22 ) than chimpanzees and bonobos (about 3-10% (ref. 23)), human BMR relative to fat-free body mass is appreciably higher than theirs 24 . Therefore, if extant apes are representative of the last common ancestor, brain enlargement during human evolution was partially paid for through a permanent increase in net energy intake.
Starting with Early Pleistocene Homo, this increase could have come from any of the three sources listed in Fig. 3 . First, they improved diet quality as indicated by increased consumption of meat and bone marrow 1 and by tool-assisted food processing, at one point including cooking 4 . Second, despite having moved into highly seasonal habitats 9 they reduced temporal fluctuations in energy budgets by cognitive buffering 25 , which is also known for other primates 15 and birds 14 . Third, provisioning and food sharing probably arose with the adoption of cooperative breeding and substantial meat acquisition among the earlier representatives of the genus Homo 4, 26 . Comparative research suggests that such energy subsidies for reproducing females and dependent offspring can support increased brain size 19, 21 . The second pathway to brain enlargement is increased energy allocation to the brain by savings on other expensive functions, although the expensive-tissue hypothesis for organs is no longer supported. One likely trade-off could be found between brain size and the costs of locomotion. The efficient form of bipedal locomotion that arose with the transition from australopithecines to early Homo 27 could have led to major reductions in energy expenditure in two ways. On one hand, its low costs in comparison with the climbing and quadrupedal locomotion of nonhuman apes 28 should have lowered daily energy expenditure on locomotion 7 , and on the other hand, bipedalism may reduce the effect of increased weight due to adipose depots on the energy costs of locomotion (Supplementary Information  3.7) . A second potential trade-off would be the one between brain size and production, comprising both growth and reproductive effort, which has been demonstrated for mammals 19, 29 . Beginning with early Homo our lineage has increased brain size and reduced the pace of life history 30 , but nonetheless increased birth rates due to cooperative breeding. ), energy subsidies from other individuals (for example, cooperative breeding, allomaternal care 19, 21 ) or by reducing fluctuations in energy inputs (for example, cognitive solutions 15 , including culture). Second, at constant total energy intake, energy allocation to other functions may be reduced, such as locomotion (for example, efficient bipedalism 27, 28 ) or production (for example, slower life history pace 30 ).
RESEARCH LETTER
In sum, we do not claim unique processes operating exclusively in human evolution. All these processes are known to operate among mammals in general. We propose that during human evolution improved diet quality, allomaternal subsidies, cognitive buffering, reduced locomotion costs and reduced allocation to production all operated simultaneously, thus enabling the extraordinary brain enlargement in our lineage.
METHODS SUMMARY
Following a strict protocol (Supplementary Information 2) , A.N. dissected a large number of mammalian specimens obtained from various sources. Visceral organs (kidneys, spleen, liver, stomach, intestines, heart and lungs) were separated, cleaned, emptied, and immediately weighed. As skulls had to be preserved intact, cranial capacity was determined and converted into an estimate of brain mass. We excluded individuals that were immature, emaciated, pregnant, or exhibited visible organ pathologies from analysis. Hence, our final sample included 191 specimens from 100 species, with a bias towards carnivores and primates (Supplementary Data and Supplementary Information 3. 2). The sample size of 100 species yields a power of 0.8 for these analyses, which was determined a priori using a published data set of 39 mammal species.
Traditionally, whole body mass has been used for controlling for body size effects in comparative analyses. However, this measure is highly affected by variation in the size of adipose depots. Even if two species have a similar fat-free body mass and body composition, large adipose depots in one species result in organs that seem relatively small in comparison to those of a species with smaller adipose depots. Therefore, correlations between organs are expected to be mostly positive if we controlled for whole body mass ( Supplementary Fig. 2 ). To avoid this bias, we used fat-free body mass to control for body size effects. For 45 species in our sample, fatfree body mass was known because adipose depots of whole body were measured directly. For the other 55 species, a proxy was calculated from the measurement of abdominal adipose depots (Supplementary Information 3.1 and 3.3) .
All analyses took phylogenetic relatedness into account ( Supplementary Fig. 3 ). Additionally, we tested sex-specific and wild/captive subsamples separately (Supplementary Information 3.4), and investigated potential autocorrelation effects (Supplementary Information 3.5).
